H
erpes simplex virus 1 (HSV-1) is a common pathogen infecting the majority of people worldwide at some stage in their lives (42) . It is an icosahedral, enveloped, nuclear-replicating, double-stranded DNA virus belonging to the neurotropic Alphaherpesvirinae subfamily (36) . The site of primary infection by HSV-1 is usually the oral mucosa, from where it spreads to infect nearby sensory neurons. In the sensory neurons it forms a lifelong infection, staying unnoticed in a latent state, from which it is periodically activated to a lytic state. HSV-1 can cause diseases such as cold sores, keratitis, and encephalitis and can be lethal to individuals with a compromised immune system (47) .
HSV-1 infection is recognized by the pattern recognition receptors (PRRs) of the innate immune system (27) . Macrophages express multiple PRRs, and they have been shown to play a critical role in early host response against HSV-1 infection (13) . HSV-1 infection activates macrophages, which leads to the production and secretion of different chemokines, such as CXC motif chemokine 10 (CXCL10), C-C motif chemokine 2 (CCL2), CCL3, and cytokines, including tumor necrosis factor alpha and type I and type III interferons (IFNs) (21, 22) . Type I IFNs are an important group of cytokines in host defense against viral infection (4) . They activate leukocytes and induce the upregulation of interferonstimulated genes (ISGs) (38) that are crucial for the anti-HSV response. In addition, we have previously shown that type I IFNs enhance the HSV-1-induced chemokine response in human macrophages (22) . Furthermore, Cotter and coworkers have demonstrated that intact type I signaling is required for HSV-1-induced cytokine production (6) . In addition to chemokines and cytokines, macrophages also secrete other proteins that play a role in the early antiviral response (5, 16, 34) .
Secreted proteins are an important group of molecules estimated to be encoded by approximately 10% of the human genome (28) . Secreted proteins can reflect a broad variety of different conditions of the cell, and therefore, they can be used as biomarkers or drug targets. These proteins can be released to the extracellular space through various mechanisms, including classical secretion involving vesicular migration from the endoplasmic reticulum to the Golgi apparatus, through nonclassical vesicle-mediated mechanisms, and also through shedding from the surface of living cells. The nonclassically secreted proteins normally localize in the cytoplasm or the nucleus, where they mediate well-characterized intracellular functions (24) . In the presence of a specific external stimulus, they are released from cells to mediate extracellular functions distinct from their original intracellular function. A large number of nonclassically secreted proteins include cytokines, growth factors, and other molecules with important signaling roles in physiological processes such as inflammation. A prototype of an unconventionally secreted protein is proinflammatory cytokine interleukin-1␤ (IL-1␤). It is first synthesized as pro-IL-1␤, and this proform has to be cleaved by caspase-1 in order for it to be secreted. Caspase-1 in turn is activated in a molecular platform called the inflammasome (18) . It has been suggested that inflammasomes and active caspase-1 mediate activation of unconventional protein secretion (8, 12) .
The focus of previous studies on HSV-1-induced protein secretion from macrophages has been on chemokines and cytokines (21, 22) , and no large-scale studies on HSV-1-induced protein secretion have been published. Currently, mass spectrometry (MS)-based proteomics make it possible to identify and quantify thousands of proteins from cellular samples, including the analysis of the global pattern of secreted proteins, the secretome (16, 17, 34, 45, 48) . Here, we have characterized the secretome of HSV-1-infected human primary macrophages using high-throughput quantitative MS-based proteomics combined with bioinformatics to discover novel secreted host factors involved in antiviral defense.
MATERIALS AND METHODS
Cell culture and sample preparation. Leukocyte-rich buffy coats obtained from healthy blood donors were purchased from the Finnish Red Cross blood transfusion service (Helsinki, Finland). Peripheral blood mononuclear cells were isolated from leukocyte-rich buffy coats as previously described (31) . In brief, human peripheral blood mononuclear cells were collected by density gradient centrifugation over Ficoll-Paque Plus (GE Healthcare) in Leucosep tubes (Greiner Bio-One GmbH). A mononuclear cell layer containing monocytes was collected and washed with Dulbecco's phosphate-buffered saline (DPBS) (Gibco), and the monocyte count was determined with a Coulter AcT Diff hematology analyzer (Beckman Coulter Corp). Cells were plated at a density of 1.4 ϫ 10 6 monocytes/6-well plate well (Falcon Multiwell; Nunc/Thermo Fisher Scientific) in RPMI 1640 medium (Sigma-Aldrich) supplemented with 2 mM L-glutamine and antibiotics consisting of 50 U/ml of penicillin and 50 g/ml streptomycin (both from Invitrogen Life Technologies). Cells were allowed to attach for 45 min, and then unattached cells were washed away with DPBS. Monocytes were left to differentiate into macrophages in macrophage serum-free medium (SFM; Gibco) supplemented with 10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; Biosource International Inc., Camarillo, CA) and antibiotics. The medium was changed every 2 days. After 7 days of culture, the resulting macrophages were CD14 positive (data not shown) and used in experiments.
Differentiated macrophages were left untreated or primed with 200 IU/ml recombinant beta interferon (IFN-␤; Betaferon; Bayer Schering Pharma) in macrophage SFM (supplemented as described above) for 4 h. After this, cells were infected with the wild-type KOS strain of HSV-1 (a gift from Jesper Melchjorsen, Aarhus, Denmark) at a multiplicity of infection (MOI) of 1 or were left uninfected. After 2 h of infection, the cell culture medium was discarded, cells were washed three times with DPBS and fresh RPMI 1640 (supplemented as described above and with 10 mM HEPES) was added. At 18 h postinfection (hpi), cell culture supernatants were collected and pooled. One 6-well plate of cells, with 2 wells containing cells from each of three different donors, was used for each stimulation. A volume of 400 l of the supernatant was taken for Luminex assay analysis. The remaining 5.5 ml of supernatants was concentrated using Amicon Ultra-15 (Millipore) centrifugal filter devices with a 10,000-nominal-molecular-weight limit (NMWL) to a final volume of 180 to 250 l, and the proteins were purified using a 2-D Clean-Up kit (GE Healthcare/ Amersham) according to the manufacturer's instructions.
Total cell lysates were prepared from the macrophages. Cells from the three donors were washed and detached on ice in DPBS, pooled, and lysed in cell lysis buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, and 1% Triton X-100 supplemented with protease inhibitor cocktail (Sigma-Aldrich). The lysates were kept on ice for 30 min and then centrifuged for 20 min at 12,000 rpm and ϩ4°C for removal of cell debris. The supernatant from the cell lysates was collected for further Western blot analysis.
For inflammasome activation experiments, macrophages were first primed with Toll-like receptor 2 (TLR2) ligand (S)-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser(S)Lys4-OH trihydrochloride (Pam 3 Cys; 1 g/ml), which was purchased from EMC Microcollections (Tubingen, Germany) for 4 h. After priming with Pam 3 Cys, the cells were either stimulated with 100 g/ml monosodium urate (MSU; Enzo Life Sciences) for 3 h or infected with HSV-1 KOS at an MOI of 1 for 18 h. Cell culture supernatants were collected and pooled for enzymelinked immunosorbent assay (ELISA) analysis, and total cell lysates were prepared as described above.
iTRAQ labeling, mass spectrometry, and protein identification and quantification. The proteins were reduced, alkylated, and digested using trypsin (Promega), and the resulting peptides were labeled with fourplex isobaric tags for relative and absolute quantitation (iTRAQs) from a reagents multiplex kit (Applied Biosystems) according to the manufacturer's instructions. After labeling, the samples were pooled and dried, and the peptides were fractionated with strong cation-exchange chromatography (SCX) using a PolySULPHOETHYL A column (200 by 2.1 mm; 202SE0502; PolyLC Inc.) connected to an ÄKTA high-pressure liquid chromatography system (Amersham Biosciences) as previously described (16) . Each SCX fraction containing iTRAQ-labeled peptides (approximately 14 fractions) was analyzed twice using an Ultimate 3000 nanoliquid chromatograph (nano-LC; Dionex) coupled to a QSTAR Elite hybrid quadrupole time of flight mass spectrometer (AB Sciex) with nanoelectrospray ionization (16, 25) .
Protein identification and relative quantification were performed using ProteinPilot (version 2.0.1) software (Applied Biosystems/MDS Sciex). Data files from both technical replicates of an iTRAQ sample set were processed together. The Universal Protein Resource (UniProt) human protein sequences in the version from January 2009, with close to 34,000 human protein sequences (46) , and all UniProt protein sequences in the version from December 2009, with 513,877 protein sequence entries, were used as the search databases. The search criteria were cysteine alkylation with methyl methanethiosulfonate and trypsin digestion, with biological modifications allowed and with a thorough search and a detected protein threshold of 95% confidence (unused ProtScore Ͼ 1.3) used. ProteinPilot identification and quantification results were also manually checked: for each identified protein, at least two unique peptides with good-quality tandem mass spectrometry (MS/MS) data were required, and MS/MS spectra with all reporter ion peak heights below 10 counts were manually removed from the quantification results. False discovery rates (FDRs) were calculated using a concatenated normal and reversed sequence database and a previously reported method (7). The calculated FDRs were under 4% in both sample sets.
Bioinformatic analyses. The identified and quantified human proteins were classified on the basis of their biological functions and cellular compartment using the Gene Ontology (GO) classification (1) with GeneTrail software (2), UniProt as the data source, and Homo sapiens as the organism. GeneTrail was also used to recognize functional Kyoto Encyclopedia of Genes and Genomes (KEGG) (11) pathway categories that were over-or underrepresented in the data. GeneTrail analysis was done using all genes from H. sapiens as a reference set, a significance threshold of 0.05, an FDR-adjusted P value, and 2 as the minimum number of genes per category. The ExoCarta (version 3.1) database was used to determine the proteins that are secreted in exosomes (20) . Classically secreted proteins were predicted using the SignalP (version 4.0) program (29) .
Western blotting, Luminex assay, and IL-1␤ ELISA. Protein concentrations of total cell lysates were measured with the DC protein assay (Bio-Rad) according to the manufacturer's instructions. An equal amount of protein from total cell lysates ranging from 10 to 20 g or, alternatively, a protein amount that was equal to 10% of the concentrated cell culture supernatants was loaded onto an SDS-polyacrylamide gel. Proteins were transferred from the gel to an Immobilon-P transfer membrane (Millipore), and the membranes were blocked with 5% nonfat milk powder in 0.05% Tris-buffered saline-Tween 20. Incubations with primary antibodies were done overnight at ϩ4°C. Incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Dako) was done for 1 h at room temperature. Proteins were visualized by a Western Lightning Plus ECL system (Perkin Elmer). The following primary antibodies were used: galectin 3 (9C4) and HSP27 (M20) (both from Santa Cruz Biotechnology), HSP90 (Cell Signaling Technology), HSV-1 gD (DL6; Santa Cruz Biotechnology), interferon-induced tetratricopeptide protein 2 (IFIT2; Sigma-Aldrich), IFIT3 (BD Biosciences), S100-A9 (47-8D3), and signal transducer and activator of transcription 1 (STAT1) p84/p91 (E-23; Santa Cruz Biotechnology). Myxovirus resistance protein A (MxA) (37) and IL-1␤ (31) antibodies have been previously described.
The proteins CCL2, CCL3, CCL4, and CCL5 were measured in the cell culture supernatants by Luminex assay for with a Luminex system BioPlex 200 apparatus (Bio-Rad), using a custom-made Bio-Plex Pro assay (Bio-Rad). The assay was performed according to the manufacturer's instructions. IL-1␤ concentrations from cell culture supernatants were determined using a human IL-1␤ Eli-pair ELISA kit (Diaclone) according to the manufacturer's instructions.
RESULTS
IFN-␤ priming is required for efficient protein secretion from HSV-1-infected human primary macrophages. The complex set of proteins secreted from living cells at a given time and under defined conditions is generally referred to as the secretome. In the present study, we have characterized the secretome of IFN-␤-primed and HSV-1-infected human primary macrophages using quantitative MS-based proteomics. The secreted proteins were identified and quantified using 4-plex iTRAQ labeling combined with liquid chromatography-tandem mass spectrometry (LC-MS/ MS) analysis of the resulting peptides (Fig. 1A) . We analyzed two biological replicates, and both sample sets were analyzed twice with LC-MS/MS to improve the quality of the data for protein identification and quantification. Based on the LC-MS/MS data, we identified 1,094 human proteins, and from these we had goodquality quantification information from 516 distinct proteins (see Table S1 in the supplemental material). The secretion of 46, 161, and 399 human proteins increased more than 2-fold upon IFN-␤ priming, HSV-1 infection, and IFN-␤ priming and HSV-1 infection, respectively (Fig. 1B) . The total amount of iTRAQ-labeled peptides in these secretomes showed that there is an approximately 3-fold increase in the total amount of protein being secreted upon IFN-␤ priming and HSV-1 infection compared to that for the control sample, whereas in the IFN-␤-primed or HSV-1-infected macrophage secretomes, only a modest increase in total protein secretion could be detected (Fig. 1C) .
Our secretome analysis also revealed robust secretion of HSV-1 proteins after HSV-1 infection alone and in combination with IFN-␤ priming. Based on the LC-MS/MS data, we identified 20 herpesvirus proteins, and from these we had good-quality quantification information from 10 distinct proteins ( Fig. 2A ; see Table S1 in the supplemental material). To measure HSV-1 replication kinetics in our cell model, we performed Western blot analysis for HSV-1 gD protein from IFN-␤-primed and HSV-1-infected macrophage cell lysates at different time points ranging from 3 to 18 hpi (Fig. 2B ). Already at 6 hpi, some HSV-1 replication was detected in the cell lysate, and it strengthened until 14 hpi, reaching a plateau and staying at a similar level after 18 hpi (Fig. 2B) .
HSV-1 infection activates unconventional protein secretion from human primary macrophages. The human proteins whose secretion increased more than 2-fold upon IFN-␤ priming and/or HSV-1 infection were classified using the Gene Ontology (GO) classification based on the cellular compartment, which showed that the majority of the secreted proteins were from intracellular compartments (Fig. 3A) . A more detailed classification based on the cellular organelle of the secretome data showed that IFN-␤ priming and HSV-1 infection do not induce protein secretion from any specific cell organelle but, rather, increase the overall secretion of proteins from all of the main organelles (Fig. 3B) . To confirm that the increased intracellular protein secretion was not due to cell death, we determined the amount of apoptotic cells in the macrophage cell culture using an APOPercentage apoptosis assay. Upon IFN-␤ priming or HSV-1 infection alone, no apoptotic cells were seen, and after IFN-␤ priming and HSV-1-infection, less than 10% of the cells were apoptotic (see Fig. S1 in the supplemental material), suggesting that partial apoptosis may occur in HSV-1-infected macrophages.
The proteins identified from the macrophage secretome were next analyzed with SignalP to determine the presence of a signal peptide needed for classical protein secretion. From all the proteins identified in our data set, 24% were predicted to be classically secreted, whereas only 14% of the proteins whose secretion increased more than 2-fold upon IFN-␤ priming and/or HSV-1 infection were predicted to be classically secreted (Fig. 3C) . Unconventional protein secretion includes exosomal release of proteins. Exosomes are membranous vesicles that are actively released to the extracellular space by most mammalian cells (33) . From all of the proteins identified, approximately 60% (634 proteins) were found from the exosomal protein database ExoCarta (20) , and from the 411 proteins whose secretion increased more than 2-fold upon IFN-␤ priming and/or HSV-1 infection, almost 80% (314 proteins) were found from ExoCarta ( Fig. 3C ; see Table S2 in the supplemental material). Taken together, our results strongly suggest that HSV-1 infection induces nonclassical pathways of vesicle-mediated secretion from human primary macrophages.
Proteins related to immune and inflammatory responses and ISGs are efficiently secreted from macrophages upon IFN-␤ priming and HSV-1 infection. The KEGG database was used for pathway analysis of the human proteins in the secretome with a fold change (FC) of Ͼ2 in the HSV-1-infected and the IFN-␤-primed plus HSV-1-infected macrophages. This showed 24 pathways as being significantly (P Ͻ 0.05) over-or underrepresented after IFN-␤ priming and HSV-1 infection (Fig. 4A ) and 9 pathways as being over-or underrepresented after HSV-1 infection alone (Fig. 4A) . The most significant overrepresented KEGG pathways after IFN-␤ priming and HSV-1 infection included glycolysis/gluconeogenesis, pathogenic Escherichia coli infection, the pentose phosphate pathway, regulation of the actin cytoskeleton, and bacterial invasion of epithelial cells (Fig. 4A) . GO classification based on biological functions showed that proteins related to metabolic processes, transport, response to stress, cell death, proteolysis, extracellular matrix (ECM) and cell adhesion, and immune and inflammatory responses were among the most abundant protein groups identified from the secretome after IFN-␤ Classification of all the identified proteins and proteins with an FC of Ͼ2 in the secretome with SignalP and ExoCarta to determine classically and exosomally secreted proteins, respectively. GO annotations were done using GeneTrail, classically secreted proteins were predicted using SignalP (version 4.0), and exosomal proteins were identified using the ExoCarta (version 3.1) database.
priming and HSV-1 infection (Fig. 4B ) and after HSV-1 infection alone (Fig. 4C) .
HSV-1 infection is known to activate an immune response in macrophages. We identified altogether 38 immune and inflammatory response proteins that had an FC of Ͼ2 in the secretomes of IFN-␤-primed and HSV-1-infected macrophages (Fig. 4B) , including CXCL10, sialoadhesin, and complement factor 3. Cytokines and chemokines are small signaling proteins that are involved in the activation of the inflammatory response. To complement the MS-based quantification results, we used the fluorescent bead-based immunoassay Luminex to quantify the secreted chemokines: all the quantified chemokines (CCL2-5) were clearly more efficiently secreted after IFN-␤ priming and HSV-1 infection than control cells, whereas IFN-␤ priming and HSV-1 stimulation alone had only a modest effect on chemokine secretion (Fig. 5A) .
Type I IFN stimulation and viral infection are both known to induce expression of ISGs (4). We next compared the proteins in our data set to those in the Interferome database, which consists of ISG and protein data collected from public databases (38) . We identified and quantified altogether 133 known interferon-induced proteins from the macrophage secretome after IFN-␤ priming and/or HSV-1 infection (see Table S3 in the supplemental material). From these proteins, 24 had an FC of Ͼ2 and have been reported to be regulated by IFNs in at least two previous studies (Table 1) . To characterize the intracellular levels and secretion patterns of interferon-induced proteins in more detail, we performed Western blot analysis for selected proteins, namely, IFIT2, IFIT3, MxA, and STAT1. In total cellular lysates, IFIT2, IFIT3, and MxA were clearly induced by IFN-␤ and HSV-1 stimulation alone, and their levels were the highest in the IFN-␤-primed and HSV-1-infected macrophages, whereas activated STAT1 was detected in all samples with similar intensity (Fig. 5B) . In contrast, the secretion of ISGs was seen only after IFN-␤ prim- ing and HSV-1 infection, and IFN-␤ stimulation or HSV-1 infection alone had only a modest effect on the secretion of ISGs (Fig. 5B) . HSV-1 infection stimulates the secretion of endogenous danger signal proteins. Cells under stress are known to actively secrete or passively release endogenous danger signal molecules which include proteins and other endogenous molecules, such as ATP and uric acid (3, 14) . We identified in total 29 proteins that have been shown or have been suggested to have a role as endogenous danger signals (3, 9) from the secretomes of IFN-␤-primed and HSV-1-infected macrophages ( Table 2 ). The majority of these proteins belong to the GO class of biological function response to stress, including heat shock proteins (HSPs), annexins, S100 proteins, thioredoxin superfamily members, and galectins. We next performed Western blot analysis for a selected set of proteins, namely, galectin-3, HSP27, HSP90, and S100-A9 to analyze both their intracellular levels and secretion. The intracellular levels of galectin-3, HSP27, and HSP90 were not markedly affected by IFN-␤ priming and/or HSV-1 stimulation, whereas in total cellular lysates, S100-A9 was clearly upregulated after HSV-1 infection alone and in combination with IFN-␤ priming and HSV-1 infection (Fig. 5C ). In the secretomes, all of the studied danger signal proteins were clearly more abundant after HSV-1 infection alone and after IFN-␤ priming and HSV-1 infection than control or IFN-␤-primed cells (Fig. 5C) .
HSV-1 infection of human macrophages does not result in inflammasome activation. Previous studies have suggested that inflammasomes and active caspase-1 mediate activation of unconventional protein secretion (8, 12) . Inflammasome activation is associated with the secretion of proinflammatory cytokines IL-1 and IL-18 as well as its central components apoptosis-associated speck-like protein containing the caspase activation and recruitment domain and caspase-1. Here, we identified only apoptosisassociated speck-like protein containing CARD and not IL-1␤, IL-18, or caspase-1 from the secretomes of IFN-␤-primed and HSV-1-infected human macrophages. A lack of IL-1␤ and IL-18 secretion was verified with ELISA (data not shown). We have seen in previous studies that the production of IL-1␤ in influenza A virus-infected human macrophages is dependent on TLR signaling (35) . For this reason, we pretreated macrophages with the TLR2 ligand Pam 3 Cys for 4 h, after which we infected macrophages with HSV-1 for 18 h or activated the cells with MSU, a known activator of the NOD-like receptor family pyrin domaincontaining 3 (NLRP3) inflammasome (19) , for 3 h. After this, the cell culture supernatants were collected and total cell lysates were prepared. A robust secretion of IL-1␤ was seen in Pam 3 Cystreated and MSU-stimulated macrophage cell culture supernatants (Fig. 6A) . A modest increase in IL-1␤ secretion was also seen in Pam 3 Cys-primed and HSV-1-infected human macrophages (Fig. 6A) . However, Western blot analysis of cell culture supernatants revealed that the biologically active form of IL-1␤ is not secreted by Pam 3 Cys-primed and HSV-1-infected macrophages, demonstrating that the inflammasome is not activated in response to HSV-1 infection (Fig. 6B) . In contrast, some pro-IL-1␤ was seen in cell culture supernatants of Pam 3 Cys-primed and HSV-1-infected macrophages. The secretion of the biologically active 17-kDa form of IL-1␤ was readily seen in Pam 3 Cys-treated and MSUstimulated macrophage cell culture supernatants (Fig. 6B) .
Western blot analysis of cell lysates revealed that HSV-1 infection of human macrophages does not result in production of pro-IL-1␤, which was readily detectable in Pam 3 Cys-treated macrophages. In conclusion, our results demonstrate that HSV-1 infection of human macrophages can activate robust unconventional protein secretion in the absence of inflammasome activation.
DISCUSSION
In the present study, we have used an unbiased high-throughput quantitative proteomics approach to characterize the secretome of human primary macrophages infected with HSV-1. Our results show that IFN-␤ priming increases the total protein secretion from macrophages after HSV-1 infection, leading to the considerably increased secretion of hundreds of proteins. Active protein secretion includes classically secreted proteins which contain a signal peptide that directs their transport to the plasma membrane through the endoplasmic reticulum-Golgi apparatus pathway. In addition, activated immune cells also secrete proteins through unconventional secretory pathways, including vesicle-mediated protein secretion (23) . In our data, only 14% of the proteins whose secretion increased more than 2-fold upon IFN-␤ and/or HSV-1 infection were predicted to be classically secreted, whereas almost 80% of the proteins that were more secreted by IFN-␤-primed and/or HSV-1-infected macrophages were found in the ExoCarta database. This demonstrates that exosomal protein release is a major mechanism by which HSV-1-infected macrophages communicate with other cells. We have seen similar exosome-mediated release of proteins in influenza A virus-infected human mac- (41) . HSV-1 infection of macrophages activated robust secretion of several ISGs in IFN-␤-primed cells. Interestingly, it has previously been shown that type I signaling is essential for HSV-1-induced NF-B activation (6) , which may explain the enhancing effect of IFN-␤ priming on ISG secretion seen in our experiments. The secretion of these proteins was not increased by IFN-␤ priming or HSV-1 infection alone. Secretion of ISGs during viral infection is a novel finding. It was recently suggested that 2=-5= oligoadenylate synthetases have an extracellular function by stimulating RNase L-independent antiviral activity (15). Our findings suggest an extracellular function for many other ISGs. Especially interesting ISGs found in our data are IFIT2 and IFIT3, which were detected at high levels in the secretomes of IFN-␤-primed and HSV-1-infected macrophages. Previous studies have shown that IFIT2 and IFIT3 are involved in the intracellular antiviral response. Mouse IFIT2 has been shown to bind eukaryotic initiation factor 3c, thereby inhibiting translation initiation and protein synthesis (43, 44) . IFIT3 has antiviral activity but a yet unidentified mechanism (40) . Interestingly, IFIT1 has recently been shown to bind viral RNA, and all the IFITs contain nucleotide binding regions (30) . It is tempting to speculate that, similar to IFIT1, IFIT2 and IFIT3 are involved in the extracellular binding of viral nucleotides, DNA, and/or RNA, thereby enabling the recognition of these pathogen-associated molecular patterns. In conclusion, our results suggest a novel extracellular function for many ISGs, including IFIT2 and IFIT3 proteins.
Danger signal proteins are nuclear or cytosolic proteins with defined intracellular functions, and they are usually released through an unconventional protein secretion pathway during the stress response (3). We detected the secretion of many danger signal proteins, including HSPs, annexins, S100 proteins, thioredoxin superfamily members, and galectins, from IFN-␤-primed and HSV-1-infeceted macrophages. We have previously shown that these danger signal proteins are also secreted during influenza A virus infection of human macrophages (16) . This suggests that these proteins have a general function in the activation of the inflammatory response during viral infections. Many of the identified HSPs have been shown to mediate macrophage activation (10) and induce the secretion of different cytokines (26) . Similar to HSPs, galectins 1 and 3, annexins, several S100-A proteins, and thioredoxin all have inflammatory functions in the extracellular space. Galectins have been shown to have a role in the innate immune response against bacterial and fungal infections (39) . Our finding that HSV-1 infection also seems to promote secretion of galectins 1 and 3 from macrophages suggests that these proteins also have a role in the host response to viral infection. HSV-1 uses its membrane glycoproteins to gain access to the host cell. It is possible that galectins elicit their antiviral function by binding to these viral glycoproteins and thereby inhibit viral entry to the host cell.
Previous studies have suggested that the secretion of danger signal proteins is mediated by inflammasomes and active caspase-1 (12) . However, we did not detect inflammasome activation in HSV-1-infected macrophages. TLR-activated macrophages expressed pro-IL-1␤ at a high level, but the formation of the biologically active form of IL-1␤ was not seen in HSV-1-infected human macrophages. These results suggest that HSV-1 infection can activate robust unconventional protein secretion in the absence of inflammasome activation. Possible molecular platforms that could activate caspase-1 and pro-IL-1␤ processing in human macrophages during HSV-1 infection include absent in melanoma 2 (Aim-2), gamma interferon-inducible protein 16 (IFI16), and NLRP3 inflammasomes. Aim-2 is known to be activated by bacterial and viral DNA, and IFI16 has been reported to recognize the genome of Kaposi's sarcoma-associated herpesvirus (32) . NLRP3 in turn is activated by several pathogens of bacterial and viral origin, including influenza A virus (32) . Human macrophages express Aim-2, IFI16, and NLRP3 proteins (data not shown), but still, these PRRs fail to detect HSV-1, which readily replicates in macrophages and activates the IFN-mediated antiviral response in these cells. Therefore, HSV-1 must have developed mechanisms by which it successfully evades inflammasome activation. Future studies are needed to elucidate the viral counterstrategies that block inflammasome activation during HSV-1 infection.
In conclusion, we provide the first comprehensive characterization of the secretome of HSV-1-infected macrophages, revealing host factors possibly having a role in antiviral defense. We show that HSV-1 infection can activate robust unconventional protein secretion in the absence of inflammasome activation. A large majority of the identified secretome proteins were known to be exosomal proteins, highlighting the role of unconventional protein secretion as a mechanism by which macrophages communicate with their environment during HSV-1 infection.
